Introduction {#s001}
============

W[ith more than]{.smallcaps} 170 million infected individuals, hepatitis C virus (HCV) infection represents a significant healthcare burden worldwide (Mohd Hanafiah and others [@B26]). HCV infection is treated with interferon (IFN)-α-based regimens and recently approved IFN-α-free direct-acting antiviral agents (DAA) (Liang and Ghany [@B19]). Genome-wide association studies identified a single nucleotide polymorphism rs12979860, located upstream of the *IFNL3* (*IL28B*) gene and thus initially referred to as the "*IL28B* marker," as one of several genetic variants strongly predictive of HCV clearance (Ge and others [@B11]; Thomas and others [@B38]).

Further studies showed that rs12979860 is located in the intronic region of a novel gene, *IFNL4*, and is in high linkage disequilibrium (LD) with an *IFNL4* exonic frame-shift polymorphism rs368234815-TT/ΔG, initially designated as ss469415590 (Prokunina-Olsson and others [@B31]). The rs368234815-ΔG allele, which creates an open reading frame for a novel human interferon, interferon lambda 4 (IFN-λ4), is associated with decreased HCV clearance (Prokunina-Olsson and others [@B31]) \[reviewed in O\'Brien and others ([@B30])\]. The rs368234815-ΔG has allele frequency of ∼70% in individuals of African ancestry, ∼30% in Europeans, while only 0%--5% in Asians (Prokunina-Olsson and others [@B31]). In individuals of African ancestry, rs368234815 is more predictive of HCV clearance than rs12979860 (Prokunina-Olsson and others [@B31]; Aka and others [@B1]); while in Europeans and Asians, these markers are in high LD and thus provide comparable predictive information (Prokunina-Olsson and others [@B31]).

A genetic polymorphism rs117648444-C/T, which introduces an amino-acid substitution P70S in the IFN-λ4 protein (Prokunina-Olsson and others [@B31]), is associated with reduced biological activity of IFN-λ4 and increased HCV clearance (Terczynska-Dyla and others [@B37]), thereby supporting the critical role of IFN-λ4 in this process. Recent clinical trials showed that *IFNL4* variants rs368234815 and rs12979860 are predictive of treatment efficacy even for DAA therapies (Fujino and others [@B9]; Meissner and others [@B24]; O\'Brien and Pfeiffer [@B29]) and these markers, possibly together with P70S, could be used to optimize treatment regimens and duration in resource-limited settings.

The functional importance of IFN-λ4 is evidenced by the strong positive selection that favored elimination of IFN-λ4 from human populations (Key and others [@B16]). Although this selection cannot be explained by any known viral infection, it may reflect antiviral response to some extinct highly deadly infection. Previously, we showed that transient transfection of an expression construct that generates IFN-λ4 protein induced interferon signaling, with activation of interferon-stimulated genes (ISGs) and generation of antiviral response in HepG2, a human hepatoma cell line (Prokunina-Olsson and others [@B31]). However, the function of IFN-λ4 and its role in impaired HCV clearance remained unclear. Here, we further explored this question by performing additional functional analyses of IFN-λ4 transiently and stably overexpressed in human hepatic cells---fresh primary hepatocytes and HepG2 cells.

Materials and Methods {#s002}
=====================

Cells {#s003}
-----

The human hepatoma cell line HepG2 (ATCC HB-8065) was purchased from the American Tissue Culture Collection (ATCC) and maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS). The custom ISRE-Luc-HepG2 cell line stably expressing a luciferase reporter under control of the interferon-stimulated response element (ISRE) was previously described (Prokunina-Olsson and others [@B31]); the cells were maintained in DMEM supplemented with 10% FBS and 2 μg/mL puromycin.

Fresh primary human hepatocytes (PHHs) were purchased from Bioreclamation IVT. The cells were received in suspension within 6 h after isolation and were maintained in InVitroGRO HI culture media with Torpedo antibiotic mix. The liver donor 1 was a 55-year-old woman who died of cardiac arrest, and the liver donor 2 was a 40-year-old man who died of anoxia. Both were HCV-free Caucasians. On arrival, PHHs had 88% and 90% viability for donor 1 and 2, respectively. DNA extracted from the PHHs was genotyped with a custom TaqMan assay (Prokunina-Olsson and others [@B31]) for the exonic *IFNL4* genetic variant rs368234815 (ΔG/TT). Both donors were homozygous for the rs368234815-TT allele, which is associated with higher HCV clearance (Prokunina-Olsson and others [@B31]). The rs368234815-TT allele introduces a frame shift within the first exon of *IFNL4* gene and eliminates the IFN-λ4 protein. Thus, no IFN-λ4 protein could be endogenously produced in these PHH samples.

Expression constructs {#s004}
---------------------

The expression constructs (IFNL4-Halo, p131-Halo, and control-Halo) based on the pFC14A vector (Promega) were previously described (Prokunina-Olsson and others [@B31]). The control-Halo construct generates only a Halo-tag protein (33 kDa), the IFNL4-Halo construct generates the IFN-λ4-Halo protein (53 kDa) consisting of the IFN-λ4 protein (20 kDa) C-terminally fused with the Halo-tag protein (33 kDa), and the p131-Halo generates a protein of 47 kDa, consisting of the Halo-tag C-terminally fused with a splicing protein isoform of IFN-λ4 (131 aa, 14 kDa, designated as p131), which lacks exon 3 and is nonfunctional in induction of interferon response (Prokunina-Olsson and others [@B31]). All constructs have been validated by Western blotting with an α-Halo antibody (Promega) and/or an α-IFN-λ4 antibody (MABF227; EMD Millipore). The IFNL3-Halo construct generating the secreted IFN-λ3-Halo protein was created and validated the same way.

Transient transfections {#s005}
-----------------------

HepG2 cells and PHHs were transfected for 24 or 48 h with corresponding constructs; HepG2 cells were transfected using Lipofectamine/LTX and Opti-MEM with standard protocols (Life Technologies), while PHHs were transfected using a nucleofection protocol optimized for primary cells (Lonza). Briefly, for each transfection, 2×10^6^ fresh PHHs were resuspended in 100 μL of optimized nucleofection buffer L3 and transfected with 5 μg of corresponding constructs using 4D-nucleofector (Lonza). Immediately after transfection, dead cells were separated by centrifugation (4 min, 570 rpm) of the transfection mix overlaid with 900 μL of Ficoll (GE Healthcare) and 750 μL of supernatant with dead cells was removed. The remaining cells were resuspended in InVitroGRO CP media with Torpedo antibiotic mix (Bioreclamation IVT), plated onto collagen-coated plates (BD Biosciences), and incubated overnight. Unattached and dead cells were removed 12 h post-transfection by replacing the transfection media with InVitroGRO HI culture media with Torpedo antibiotic mix (Bioreclamation IVT).

Development of inducible stable HepG2 cell lines {#s006}
------------------------------------------------

Tetracycline-inducible HepG2 cell lines for IFN-λ4-GFP, p131-GFP, and control-GFP were generated using the Tet-On 3G expression system (Clontech). First, a stable HepG2 cell line expressing the Tet-On 3G transactivator was generated by lentiviral transduction and blasticidin selection (5 μg/mL). Corresponding cDNAs were cloned into a pTREG3G plasmid (Clontech) to generate tetracycline-inducible IFN-λ4-GFP, p131-GFP, and control-GFP constructs, which were transfected into the stable Tet-On 3G-HepG2 using Lipofectamine/LTX. Positive clones were identified by limiting dilution under neomycin selection (1 mg/mL) over 3 weeks. Expression of corresponding proteins was induced by treatment with 1 μg/mL doxycycline for indicated experiment-specific time periods.

Live cell imaging {#s007}
-----------------

HepG2 cells were transfected with corresponding constructs in 4-well coverslip chambers (4×10^4^ cells/well; LabTek). After 24 h, transfection media was replaced with live cell imaging solution (Life Technologies), supplemented with 20 mM glucose. Cell-permeant Halo-tag ligands (TMR red or Oregon green; Promega) were added to live cells (1:2,000 for 15 min), and live imaging was performed using a LSM700 confocal laser scanning microscope (Carl Zeiss) fitted with a temperature and CO~2~-controlled chamber. When applicable, nuclei were visualized using fluorescent Hoechst 33342 dye (Life Technologies). For cell death analysis, live cells were imaged using inverted oil lens at 40× magnification, with 6 s scanning per minute per field of view for 18 h, generating 1,080 images per field; 6 fields were imaged in sequence using stage-positioning software. Each field of view had at least 10 transfected cells. Signs of cell death were scored visually by counting membrane rupture events in the videos representing the 18-h imaging periods. Cell death rates were determined as the percentages of ruptured cells of the total counts of fluorescent cells in each field of view.

Fluorescence recovery after photobleaching {#s008}
------------------------------------------

HepG2 cells were transfected with corresponding constructs and imaged live as described earlier using Oregon green Halo-tag ligand. The mobility of the IFN-λ4-Halo and control-Halo proteins was evaluated with fluorescence recovery after photobleaching (FRAP) method (Snapp and others [@B34]). Briefly, after 10 prebleach scans, a selected region was bleached at 100% of imaging power with 3 iterations and 2 μs per iteration, with 1.94 s per scan. Imaging was continued for a total of 150 s. Fluorescence intensity was plotted with curve fitting to evaluate fluorescence recovery in the bleached areas over time. Half-time fluorescence recovery (*t*½) and the ratio of immobile fraction were averaged for 7 individually scanned cells for each construct (IFNL4-Halo and control-Halo). Recovery data were normalized to unbleached regions inside the cells and adjusted for background fluorescence; data acquisition and analyses were performed using LSM700 FRAP software.

Blocking of IFN-λ4 activity {#s009}
---------------------------

The stable HepG2-ISRE-Luc cells were seeded in 96-well plates that were either untransfected or transfected with corresponding constructs. After 24 h, the cells were treated for 2 h with the following antibodies: 20 μg/mL of a blocking α-IL10R2 antibody (R&D Systems), 40 μg/mL of a goat isotype IgG control (Abcam), a range (20, 10, 5, 2.5, or 1.25 μg/mL) of a custom rabbit monoclonal α-IFN-λ4 antibody (Prokunina-Olsson and others [@B31]), or 40 μg/mL of a rabbit isotype IgG control (Cell Signaling). Recombinant human interferons---10 ng/mL of custom IFN-λ3 (Prokunina-Olsson and others [@B31]), IFN-α and IFN-β (PBL Assay Science), or IFN-γ (R&D Systems) were added to the untransfected cells pretreated with the antibodies. Negative controls included nontreated cells, phosphate-buffered saline (PBS) in media, and mock transfection with control-Halo constructs. The cells were assayed for luciferase expression of the ISRE-Luc reporter 48 h post-transfection. All transfections and treatments were done in 8 biological replicates. For other experiments, inducible stable HepG2 cells were seeded into 96-well plates and protein expression was induced for 12 h. Antibodies (20 μg/mL of rabbit monoclonal α-IFN-λ4 or 40 μg/mL of rabbit IgG control) were added to shared culture media for 48 h.

Transwell assays {#s010}
----------------

HepG2 and PHHs were transfected with corresponding constructs and seeded onto 6-well plates. Separately, transwell inserts with 0.4 μM pores (Corning) were seeded with untransfected cells and placed into 6-well plates with culture media, with 1 insert per well. For PHHs, both the plates and transwell inserts were collagen coated (Corning). After 24 h, media was replaced and transwell inserts with growing cells were added to the plates containing transfected cells. The pore size of transwell inserts allowed free circulation of the media but not of the cells.

For PHHs from donor 2, the transwell experiment was expanded to include antibody treatment. PHHs transfected with IFNL4-Halo, IFNL3-Halo, and control-Halo constructs were incubated with transwell inserts seeded with untransfected PHHs. Antibodies (20 μg/mL of rabbit monoclonal α-IFN-λ4 or 40 μg/mL of rabbit IgG control) were added to shared culture media for 24 h. After 24 h of co-incubation, cells from both chambers that shared culture media (transfected vs. untransfected transwell cells) were collected separately for RNA extraction and stored in RLT buffer; shared culture media was collected for protein analysis and stored at −80°C until use.

Cell death, proliferation, and viability assays {#s011}
-----------------------------------------------

For transient transfections, HepG2 cells were transfected with corresponding constructs for 48 h and media was changed after overnight incubation. Expression of Halo-tag in live cells was detected using cell-permeant Halo-tag TMR red ligand. For stable HepG2 cells, expression of proteins was induced for 72 h. In both systems, dead cells were identified using near-IR fixable Live/Dead marker (Life Technologies). For analysis of apoptosis, cells were additionally stained for Annexin V (BD Biosciences). For proliferation assays, the cells that were induced for 72 h were treated with 10 μM 5-bromo-2′-deoxyuridine (BrdU) for 3 h. Dead cells were excluded by removing nonadherent cells, and the remaining cells were stained using the APC BrdU flow kit (BD Biosciences). Multiparametric flow cytometry analysis was performed on FACS Aria III (BD Biosciences) with FlowJo.10 software (Tree Star). For viability assays, the protein expression was induced for 5 days in 96-well plates and viability was evaluated with the Multi Tox-Glo assay (Promega). In some experiments, viability assays were performed after protein induction for 72 h, with similar results.

Quantitative reverse-transcriptase--polymerase chain reaction expression analysis {#s012}
---------------------------------------------------------------------------------

Total RNA was isolated using an RNeasy kit with on-column DNase I treatment (Qiagen). RNA quantity and quality were evaluated by NanoDrop 8000 (Thermo Scientific). cDNA was prepared from 40 to 100 ng of total RNA with the RT^2^ first-strand cDNA kit and random hexamers with an additional DNA-removal step (Qiagen). Quantitative reverse-transcriptase--polymerase chain reaction (qRT-PCR) mRNA expression analysis was performed using SYBR Green Antiviral Response qRT-PCR plates (Qiagen). The plates included 88 expression assays for target genes, as well as positive, negative, and endogenous normalization controls ([Supplementary Tables S1--S3](#SD1){ref-type="supplementary-material"}; Supplementary Data are available online at [www.liebertpub.com/jir](www.liebertpub.com/jir)). A custom expression assay for *IFNL3* (Prokunina-Olsson and others [@B31]) and predesigned TaqMan expression assays for *IFNL1* (Hs00601677_g1) and *IFNG* (Hs00989291_m1; Life Technologies) were not included on the predesigned plates and were used separately ([Supplementary Table S4](#SD2){ref-type="supplementary-material"}).

The qRT-PCR reactions (5 or 10 μL) included expression master mixes (Qiagen or Life Technologies), cDNA, and corresponding expression assays; the quantification was performed in 2--4 technical replicates on the QuantSudio 7 instrument (Life Technologies). Expression was measured in *C*~t~ values (PCR cycle at detection threshold), which are distributed on log~2~ scale. Expression was normalized by the geometric means of 5 endogenous controls (*ACTB*, *B2M*, *GAPDH*, *HPRT1*, *RPLP0*) included on the qRT-PCR plates or of 2 endogenous controls used separately (assay 4326317E for *GAPDH*, and assay 4326315E for *ACTB*; Life Technologies). Differences in expression were calculated according to the relative quantification method, as Δ*C*~t~=*C*~t~ (control)−*C*~t~ (target). Fold differences between expression of any 2 samples or groups of samples were calculated as 2^(Δ*C*t1−Δ*C*t2)^. Heat-map analysis of auto-scaled expression data for a panel of selected ISGs was performed with the GenEx software (MultiD).

Detection of IP-10 with ELISA {#s013}
-----------------------------

Protein levels of IP-10 (encoded by *CXCL10*) in culture media from HepG2 and PHHs transfected with corresponding constructs were measured with an ELISA kit (R&D Systems), which has a protein detection range of 7.8--500 pg/mL. Culture media was collected 24 h after transfection media change (48 h post-transfection). Media samples were diluted 1:10 or 1:20, and each sample was measured in technical triplicates. A standard curve was generated using the protein provided with the kit, with a correlation coefficient \>0.98. The plates were analyzed using GloMax luminometer (Promega).

Detection of IFN-λ4 with MesoScale {#s014}
----------------------------------

IFN-λ4 was detected with a custom-developed electrochemical ELISA on the Meso QuickPlex SQ120 instrument \[MesoScale Discovery (MSD)\]. Briefly, standard capacity multi-array 96-well plates (MSD) were coated overnight at 4°C with 30 μL of 2 μg/mL custom monoclonal rabbit α-IFN-λ4 antibody. Blocking was performed with bovine serum albumin (MSD blocker A) for 1 h at room temperature with rotation at 400 rpm, followed by 3 washes with PBS and 0.05% Tween. Standards, controls, and experimental samples were prepared using diluent 2 (MSD).

Culture media samples were diluted 1:10 and incubated at room temperature for 2 h with rotation at 400 rpm. After additional wash steps, 25 μL of the 4 μg/mL detection antibody \[mouse monoclonal α-IFN-λ4 antibody (buffer exchanged into PBS, MABF227; EMD Millipore)\], conjugated with a sulfo-tag (MSD) was added to the wells and incubated for 1 h at room temperature with rotation at 400 rpm. After additional washing, the plates were scanned in a 2× read buffer (MSD) on the Meso QuickPlex SQ120 and the results were analyzed with the MSD Discovery Workbench software. Purified recombinant IFN-λ4 protein (Prokunina-Olsson and others [@B31]) was used as a standard at 9 concentrations in the range of 46 pg/mL to 300 ng/mL, and the detection range for the standards was determined as 150 pg/mL to 300 ng/mL.

Analysis of unfolded protein response with ERSE-Luc reporter {#s015}
------------------------------------------------------------

HepG2 cells were transfected for 48 h with 50 ng of corresponding constructs with/without cotransfection with 1.0 μL of the endoplasmic reticulum stress response element (ERSE)-Luc Cignal Reporter (Qiagen). Transfections were done in a 96-well plate, with 8 replicates per transfection. Media was changed 24 h post-transfection, and the plate was assayed for luciferase and renilla using the GloMax luminometer. Data were presented as relative luciferase units, which correspond to luciferase/renilla ratio.

JAK and IL10R2 blocking assays in HepG2-ISRE-Luc cells {#s016}
------------------------------------------------------

The stable HepG2-ISRE-Luc cells were transfected with corresponding constructs in 96-well plates; untransfected cells were treated with human recombinant interferons-IFN-α (2 ng/mL; PBL Assay Science) or custom IFN-λ3 (10 ng/mL). All experiments were represented by 8 biological replicates. The media was replaced 24 h post-transfection by 100 μL of full culture media with 1 or 10 μM JAK inhibitor \[active against JAK1, JAK2, and JAK3, \#420097; EMD Millipore, in 0.1% dimethyl sulfoxide (DMSO)\]. For IL10R2 blocking experiment, the transfection culture media was replaced by 100 μL of media with 20 μg/mL of an α-IL10R2 blocking antibody (MAB874; R&D Systems) or 20 μg/mL of a goat isotype IgG control (Abcam).

For treatment experiments, cells were pretreated for 1 h with the JAK inhibitor or for 2 h with the α-IL10R2 or IgG control antibodies and then treated with IFN-λ3 (10 ng/mL) or IFN-α (2 ng/mL). Negative controls included untreated cells, cells treated with 0.1% DMSO in media, and cells transfected with control-Halo construct. The cells were assayed for ISRE-Luc reporter 48 h post-transfection, which corresponds to 24 h post-treatment with JAK inhibitor and antibodies.

siRNA silencing of IFNLR1 in HepG2-ISRE-Luc cells {#s017}
-------------------------------------------------

The stable HepG2-ISRE-Luc cells were transfected with corresponding constructs in 2 identical 96-well plates. The cells were co-transfected with 1 pmol/well of a scrambled negative control siRNA (AM4615; Ambion) or a set of siRNAs against *IFNLR1* (M-007981-00; Thermo Scientific). After 24 h, the cells were treated with culture media, IFN-λ3 (10 ng/mL), or IFN-α (2 ng/mL). After 48 h, the first plate was assayed for the ISRE-Luc reporter on the GloMax luminometer. The second plate was used for RNA extraction (Zymo Research) and mRNA expression analysis. cDNA was synthesized using Super Script III reverse transcriptase (Life Technologies).

Specific TaqMan assays for *IFNLR1* (Hs00417120_m1) and endogenous control *ACTB* (assay 4326315E) from Life Technologies were used for qRT-PCR analysis on the QuantStudio 7 instrument (Life Technologies). Expression of *IFNLR1* was normalized to expression of *ACTB* and then expression in samples treated with *IFNLR1* siRNA was compared with untreated samples (no siRNA) or treated with scrambled siRNA. All samples were represented by 6 biological replicates. Compared with siRNA-untreated samples (100%), the expression of *IFNLR1* was decreased to 76% in si-Scr samples and to 42% in si-*IFNLR1* samples ([Supplementary Fig. S1D](#SD3){ref-type="supplementary-material"}).

Statistical analysis {#s018}
--------------------

Unless specified, data plotting and statistical analyses were performed with Prism 6 (GraphPad), *P* values are for 2-sided unpaired *t*-tests. Shown are means and standard errors of the mean.

Results {#s019}
=======

IFN-λ4 is secreted, and its activity is blocked by a monoclonal α-IFN-λ4 antibody {#s020}
---------------------------------------------------------------------------------

Previously, by performing Western blot analysis, we were unable to detect IFN-λ4 in culture media of HepG2 cells transiently transfected with an IFN-λ4-producing construct, even though this transfection resulted in strong activation of interferon signaling (Prokunina-Olsson and others [@B31]). However, IFN-λ4 was detectable at low levels in culture media of transfected cells by Western blot analysis after acetone precipitation (Hamming and others [@B12]). Now, we developed a MesoScale assay (an electrochemical ELISA) and were able to detect IFN-λ4 in culture media of transfected HepG2 cells ([Fig. 1A](#f1){ref-type="fig"}). Treatment of these cells with a custom α-IFN-λ4 antibody decreased the interferon signaling by 70% ([Fig. 1B](#f1){ref-type="fig"}), suggesting that IFN-λ4 generated in this experimental system is a secreted biologically active interferon. Simultaneously, the α-IFN-λ4 antibody did not affect signaling of the main interferons (IFN-α, IFN-β, IFN-γ, and IFN-λ3, [Fig. 1C](#f1){ref-type="fig"}). Signaling induced by IFN-λ4 was strongly attenuated by the JAK inhibitor and by blocking of the IFN-λ family receptors (IFNLR1 and IL10R2, [Supplementary Fig. S1A--C](#SD3){ref-type="supplementary-material"}), confirming these canonical components of the JAK/STAT pathway as essential elements for the IFN-λ4 signaling.

![IFN-λ4 is secreted, and its ability to induce ISRE-Luc is blocked by an α-IFN-λ4 antibody. **(A)** IFN-λ4 is detectable with a MesoScale assay in culture media of HepG2 cells transfected with IFNL4-Halo but not with control-Halo construct; results are shown in biological duplicates with means. **(B)** Effects of α-IFN-λ4 (0--20 μg/mL), α-IL10R2 (20 μg/mL), and IgG control (40 μg/mL) antibodies on IFN-λ4 signaling in HepG2-ISRE-Luc cells, normalized to cells transfected with the IFNL4-Halo construct but not treated with any antibody (marked as a *dashed line* at 100%), all in 8 biological replicates. **(C)** Effects of α-IFN-λ4 and α-IL10R2 (20 μg/mL) and IgG control (40 μg/mL) antibodies on signaling of IFN-λ4 and human recombinant purified interferons---IFN-λ3, IFN-α, IFN-β, or IFN-γ in HepG2-ISRE-Luc cells, all in 8 biological replicates. NS, not significant. \*\*\*\**P*\<10^−5^ based on *t*-tests. IFN-λ4, interferon lambda 4; ISRE, interferon-stimulated response element.](fig-1){#f1}

Secreted IFN-λ4 induces ISGs in hepatic cells {#s021}
---------------------------------------------

We evaluated the biological activity of the secreted IFN-λ4 by its ability to induce expression of a set of ISGs ([Supplementary Tables S1--S3](#SD1){ref-type="supplementary-material"}). We analyzed mRNA expression in cells transiently transfected with IFNL4-Halo or control-Halo constructs and in bystander nontransfected cells exposed to media from the corresponding transfected cells in transwell assays (IFNL4-trans and Halo-trans, [Fig. 2A](#f2){ref-type="fig"}). In both HepG2 and PHHs, cells transfected with IFNL4-Halo or exposed to media from those cells (containing secreted IFN-λ4) showed strong induction of ISGs, such as *DDX58 (RIG-I)*, *DHX58*, *IFIH1 (MDA5)*, *ISG15*, *MX1*, *OAS2*, and *STAT1* and chemokines *CXCL10* and *CXCL11* ([Fig. 2A](#f2){ref-type="fig"}). Expression of *CXCL10* and *CXCL11* was much higher in PHHs compared with HepG2, highlighting cell-specific differences ([Fig. 2A](#f2){ref-type="fig"}). IFN-λ4 was detectable in culture media of IFNL4-transfected PHHs and HepG2 cells, but not in corresponding Halo-transfected cells ([Fig. 2B](#f2){ref-type="fig"}). We did not detect expression of other interferons (*IFNA1*, *IFNA2*, *IFNB*, *IFNG*, *IFNL1*, *IFNL3*) in any of the experimental conditions ([Supplementary Table S4](#SD2){ref-type="supplementary-material"}).

![Expression of ISGs in IFNL4-Halo-transfected and bystander untransfected cells in HepG2 and PHHs. **(A)** Expression of mRNA transcripts was quantified using an antiviral response qRT-PCR plate. The cells were transfected with corresponding constructs for 48 h, and transwell cells shared culture media with the corresponding transfected cells for 24 h. All samples were represented by 2 biological replicates. Expression of each target assay on the plate was measured using the same amount of cDNA; expression was normalized to a geometric mean of 5 endogenous controls included on the plate. The results are presented as dC~t~ values for targets normalized by endogenous controls, on a log 2 scale; less negative dC~t~ values correspond to higher levels of expression. Full expression data for HepG2 cells and PHH are available as [Supplementary Tables S1](#SD4){ref-type="supplementary-material"} and [S2](#SD5){ref-type="supplementary-material"}. **(B)** Protein levels of IFN-λ4 in the same amount of culture media (30 μL) from HepG2 cells and PHHs transfected with IFNL4-Halo and control-Halo constructs for 48 h. Culture media was shared with corresponding nontransfected cells in the transwell assays described in section **(A)**. IFN-λ4 was measured in culture media collected from 2 independent transfections per construct and cell type. ISGs, interferon-stimulated genes; qRT-PCR, quantitative reverse-transcriptase--polymerase chain reaction.](fig-2){#f2}

*CXCL10* encodes IFN-γ inducible protein 10 (IP-10), which is a chemotactic factor for neutrophils. High levels of IP-10 have been associated with inflammation and pathogenesis of chronic HCV infection (Harvey and others [@B13]; Lagging and others [@B18]). We measured the levels of IP-10 in culture media of PHHs and HepG2 transfected with different constructs. In PHHs, IP-10 was detectable in the media from samples transfected with IFNL4-Halo and IFNL3-Halo ([Fig. 3B](#f3){ref-type="fig"}), while it was undetectable in HepG2 cells transfected with IFNL4-Halo (data not shown), in accordance with a much lower *CXCL10* mRNA expression observed in HepG2 compared with PHHs ([Supplementary Tables S1--S3](#SD1){ref-type="supplementary-material"}). Importantly, the α-IFN-λ4 antibody added to the shared media strongly decreased mRNA expression of ISGs, including *CXCL10,* in nonexpressing transwell PHHs ([Fig. 3A](#f3){ref-type="fig"}) and the amount of IP-10 secreted to the shared media ([Fig. 3A, B](#f3){ref-type="fig"}).

![α-IFN-λ4 antibody inhibits activation of ISGs induced by the secreted IFN-λ4. **(A)** Unsupervised clustering and heat map based on auto-scaled expression data for the same ISGs as presented in [Fig. 2](#f2){ref-type="fig"}, but using PHHs from a different liver donor. Presented data are for transwell PHHs, which shared media with transfected cells for 24 h. The transwell cells were exposed to media of PHHs transfected with IFNL4-Halo, IFNL3-Halo, or control-Halo, with and without treatment of culture media with 20 μg/mL of α-IFN-λ4 antibody or 40 μg/mL of isotype IgG control. *Blue* (*dark*) indicates higher expression, whereas *yellow* (*light*) indicates lower expression; fold difference is between the most distant samples on the heatmap-IFNL4-Halo-transfected sample (high) and Halo-transfected and α-IFN-λ4-treated sample (low). **(B)** IP-10 protein expression profile in culture media of PHHs transfected with IFNL4-Halo, IFNL3-Halo, and control-Halo, with or without α-IFN-λ4 antibody treatment, all in biological duplicates.](fig-3){#f3}

Large proportion of IFN-λ4 is retained intracellularly {#s022}
------------------------------------------------------

Even though some of IFN-λ4 gets secreted, as described earlier, IFN-λ4 was also detected as a cytoplasmic protein by confocal imaging in fixed cells---in HepG2 cells transiently expressing IFN-λ4-Halo, and in PHHs induced to express endogenous IFN-λ4 (Prokunina-Olsson and others [@B31]). We next performed live imaging of intracellular movements of IFN-λ4-Halo and control-Halo proteins ([Supplementary Video S1](#SD6){ref-type="supplementary-material"}). We also monitored FRAP ([Fig. 4A](#f4){ref-type="fig"}). This method does not detect secreted proteins such as IFN-λ3, but it helps characterize intracellular proteins based on their mobility ([Fig. 4B](#f4){ref-type="fig"}), which is proportional to the speed of fluorescence recovery (*t*½, in seconds). The control-Halo protein showed very high mobility, with a *t*½ of 4.46±1.19 s ([Fig. 4C](#f4){ref-type="fig"} and [Supplementary Video S2](#SD7){ref-type="supplementary-material"}), while IFN-λ4-Halo showed a much lower mobility, with a *t*½ of 34.69±6.94 s ([Fig. 4C](#f4){ref-type="fig"} and [Supplementary Video S3](#SD8){ref-type="supplementary-material"}).

![IFN-λ4 is retained intracellularly in transfected HepG2 cells. **(A)** FRAP analysis in HepG2 cells transfected with IFNL4-Halo or control-Halo constructs (green fluorescence). **(B)** Fluorescence recovery for the first 100 s after photobleaching of IFN-λ4-Halo and control-Halo proteins within the areas marked with white rectangles **(A)**. Recovery is presented as a ratio to the prebleached fluorescence levels (1.0); immobile fraction is marked by an *arrow*. **(C)** Fluorescence recovery rate (*t*½, in seconds) and **(D)** % of immobile fraction in the marked areas on **(A)**. The plots and statistical analyses are for average values of 7 cells individually assayed in FRAP experiments. \*\**P*\<0.01, based on *t*-tests, scale bars, 10 μm. FRAP, fluorescence recovery after photobleaching. Blue-nuclei staining, green fluorescence represents Halo-tagged proteins.](fig-4){#f4}

Intracellular mobility of proteins could be limited by their attachment to structural elements, involvement in protein--protein interactions, or confinement within vesicles (Lippincott-Schwartz and others [@B21]; Snapp and others [@B34]). Therefore, we also estimated the fraction of immobile protein, which is represented by unrecoverable fluorescence---nearly 30% of IFN-λ4-Halo (28.43%±4.22%) compared with ∼10% of control-Halo protein (9.58%±2.43%) was estimated to be immobile ([Fig. 4D](#f4){ref-type="fig"}). We conclude that in our experimental system the control-Halo was mostly present as a mobile unattached cytoplasmic protein, in agreement with other studies that used Halo-protein (Huybrechts and others [@B15]). In contrast, we detected IFN-λ4-Halo both as an intracellularly retained protein with limited mobility and as a mobile protein potentially available for secretion or release.

IFN-λ4 causes cell death {#s023}
------------------------

While conducting live confocal imaging in transiently transfected HepG2 cells, we observed dying cells that underwent morphologic changes of swelling, membrane blebbing, and rupture, followed by release of cytoplasmic content ([Fig. 5A, B](#f5){ref-type="fig"} and [Supplementary Videos S4--S6](#SD9){ref-type="supplementary-material"}), suggesting necrotic-type cell death (Fiers and others [@B8]; Festjens and others [@B7]; Galluzzi and others [@B10]). Cell rupture events over the course of 18 h of imaging were significantly more frequent in IFN-λ4^+^ compared with control-Halo^+^ HepG2 cells ([Fig. 5C](#f5){ref-type="fig"}). Flow cytometry analysis showed that necrotic cells (defined as Annexin V^+^ and Live/Dead^+^) were significantly more common in cells transfected with IFNL4-Halo compared with p131-Halo (a nonfunctional protein isoform of IFN-λ4), IFNL3-Halo, and control-Halo constructs ([Fig. 5D, E](#f5){ref-type="fig"}). Transfection efficiency was comparable for all these constructs ([Fig. 5G](#f5){ref-type="fig"}, but could not be determined for the secreted IFNL3-Halo), and thus could not explain the observed differences in cell death. We also evaluated cell death in PHHs transiently transfected with IFNL4-Halo or control-Halo constructs. In general, in PHHs, cell death rates were very high even in untransfected cells and similar for both constructs (data not shown), possibly due to physiologically high baseline cell death rates in primary cells unrelated to the effect of IFN-λ4.

![IFN-λ4 induces cell death in transfected HepG2 cells. Live confocal imaging of IFN-λ4-Halo **(A)** or control-Halo **(B)**-expressing cells undergoing cell death, both labeled with red fluorescent ligand. Shown are representative snapshots of individual scans presented in [Supplementary Videos S4--S6](#SD9){ref-type="supplementary-material"}; starting at 30 h post-transfection. **(C)** Percentage of HepG2 cells that underwent cell rupture after transient transfection with IFNL4-Halo compared with control-Halo constructs, during the 18-h imaging period. Results represent an average of 2 independent biological experiments. **(D)** Representative flow cytometry plots of cell viability analyzed with Live/Dead and Annexin V markers. After transfection of HepG2 cells with indicated constructs, media was replaced 24 h post-transfection to remove dead cells and the remaining cells were analyzed 48 h post-transfection. **(E)** Summary graphs for data in **(D)**. Dead cells are those positive for Live/Dead marker (*upper* 2 quadrants), (*n*=3). **(F)** Analysis of unfolded protein response in HepG2 cells co-transfected with indicated expression constructs and the ERSE-Luc reporter and analyzed 48 h post-transfection. **(G)** Graph showing transfection efficiency of HepG2 cells for indicated constructs. RLU, relative luciferase units, \*\**P*\<0.01, \*\*\**P*\<0.001, based on *t*-tests, scale bar, 10 μm. ERSE, endoplasmic reticulum stress response element.](fig-5){#f5}

Cell death can also be triggered as a result of an endoplasmic reticulum response to unfolded recombinant proteins generated *in vitro*. Previously, we showed that transient expression of IFNL4-Halo and its splicing forms---p131, p107, and p170---induced the ERSE-Luc reporter in HepG2 cells (Prokunina-Olsson and others [@B31]). We next repeated this experiment for the ERSE-Luc reporter cotransfected with IFNL4-Halo or p131-Halo. Transfection with p131-Halo did not induce cell death ([Fig. 5D, E](#f5){ref-type="fig"}), despite considerable induction of the ESRE-Luc reporter ([Fig. 5F](#f5){ref-type="fig"}). We conclude that potential activation of the unfolded protein response to *in vitro* generated IFN-λ4 cannot explain the observed IFN-λ4-induced cell death.

In an effort to define the mechanism of IFN-λ4-induced cell death, we assayed for RIPK1-dependent necrosis (necroptosis) and caspase-1-dependent cell death (pyroptosis), using specific inhibitors (necrostatin and YVAD). However, we saw no evidence of the activation of these pathways after transient transfection with the IFNL4-Halo construct (data not shown). Treatment with ZVAD, a pan-caspase inhibitor, caused a significant decrease in IFN-λ4-induced cell death, which is suggestive of apoptosis, but this effect was also observed in controls (data not shown), implying that transfection itself might be contributing to apoptosis in this experimental system.

Induction of stable IFN-λ4 expression causes cell death and decreased cell proliferation {#s024}
----------------------------------------------------------------------------------------

To further explore our observations done in transient expression system, we developed inducible stable HepG2 cell lines expressing IFN-λ4 and p131 fused with C-terminal green fluorescent protein (GFP) and a control-GFP cell line, all of which were under control of a tetracycline-inducible promoter. Stable clones showed 70%--90% intracellular expression ([Fig 6A](#f6){ref-type="fig"}). Secreted IFN-λ4-GFP was detectable in media after 24 h of induction ([Fig. 6B](#f6){ref-type="fig"}) and was biologically active ([Fig. 6C](#f6){ref-type="fig"}). To assess cell death, protein expression was induced for 72 h and cells were stained for Live/Dead^+^ and Annexin V^+^ markers. The IFN-λ4-GFP-expressing cells showed a significant increase in cell death compared with cells expressing p131-GFP or control-GFP ([Fig. 7A, B](#f7){ref-type="fig"}).

![Development of stable inducible HepG2 cell lines. **(A)** Flow cytometry plots of GFP expression after induction of IFN-λ4-GFP, p131-GFP, or control-GFP in stable HepG2 cells with 1 μg/mL doxycycline for 48 h. **(B)** Detection of IFN-λ4 with a MesoScale assay in culture media of IFN-λ4-GFP-expressing HepG2 cells with or without induction, *n*=3, N.D., no detection **(C)**. Media from IFN-λ4-GFP HepG2 cells with or without induction was added to ISRE-Luc-HepG2 cells for 24 h, and activation of interferon signaling (ISRE-Luc) was evaluated. Shown are mean values of 6 biological replicates. GFP, green fluorescent protein.](fig-6){#f6}

![Induction of IFN-λ4 expression causes cell death. Protein expression of IFN-λ4-GFP, p131-GFP, or control-GFP in stable HepG2 cells was induced with 1 μg/mL doxycycline for 72 h. **(A)** Cell viability was evaluated with Live/Dead and Annexin V markers. **(B)** Summary graphs of data on **(A)**. Dead cells are those positive for Live/Dead marker (*upper* 2 quadrants). Graphs represent 1 of 3 independent experiments, *n*=3. **(C)** Cell viability was analyzed with Multi Tox-Glo assay and presented as the percentage of induced to uninduced cells, *n*=6. \*\**P*\<0.01, \*\*\**P*\<0.001, based on *t*-tests.](fig-7){#f7}

In addition, cell viability analysis showed that 5 days of induced IFN-λ4 expression resulted in a 30% reduction in the counts of viable cells compared with uninduced cells, with no change observed for the controls ([Fig. 7C](#f7){ref-type="fig"}). Although we observed increased Annexin V^+^ staining in the induced IFN-λ4-expressing cells ([Fig. 7A](#f7){ref-type="fig"}) suggesting apoptotic cell death, we did not detect any caspase-3 activation (data not shown), which is expected in apoptosis. We reasoned that cell death might be associated with decreased proliferation, and we evaluated cell proliferation after 72 h of induced IFN-λ4 expression by measuring BrdU incorporation. Compared with p131-GFP and GFP control, induction of IFN-λ4 was associated with a significant reduction of proliferation by 40% ([Fig. 8A, B](#f8){ref-type="fig"}).

![Induction of IFN-λ4 expression inhibits cell proliferation. **(A)** Protein expression of IFN-λ4-GFP, p131-GFP, or control-GFP in stable HepG2 cells was induced with 1 μg/mL doxycycline for 72 h. For cell proliferation analysis, cells were incubated with 1 μM BrdU for 3 h and stained with α-BrdU antibody. **(B)** Summary graphs of data in **(A)**. Graphs represent 1 of 3 independent experiments, *n*=3, \*\*\**P*\<0.001, based on *t*-tests. BrdU, 5-bromo-2′-deoxyuridine.](fig-8){#f8}

α-IFN-λ4 antibody inhibits IFN-λ4-induced cell death and proliferation defect {#s025}
-----------------------------------------------------------------------------

We induced IFN-λ4 expression in the presence or absence of the rabbit monoclonal α-IFN-λ4 antibody, which we previously found to be able to block the ability of IFN-λ4 to induce interferon signaling ([Fig. 1](#f1){ref-type="fig"}). The α-IFN-λ4 antibody treatment attenuated IFN-λ4-induced cell death ([Fig. 9A](#f9){ref-type="fig"}), while it increased proliferation ([Fig. 9B](#f9){ref-type="fig"}) and improved cell viability ([Fig. 9C](#f9){ref-type="fig"}). Since the antibody is not expected to enter the cells and can only block the secreted protein, these results indicate that the observed cell death and decreased viability and proliferation are caused by the secreted IFN-λ4. Interestingly, this effect was localized to IFN-λ4-expressing cells and was undetectable in nonexpressing bystander cells in the transwell assays ([Supplementary Fig. S2](#SD10){ref-type="supplementary-material"}). Thus, the effect of IFN-λ4 may be concentration dependent and primarily affecting the IFN-λ4-expressing cells.

![α-IFN-λ4 antibody inhibits IFN-λ4-induced cell death and proliferation defect. Protein expression of IFN-λ4-GFP, p131-GFP, or control-GFP in stable HepG2 cells was induced with 1 μg/mL doxycycline for 72 h. At 12 h, cells were treated with 20 μg/mL of rabbit α-IFN-λ4 antibody or 40 μg/mL of rabbit IgG control (rIgG). Cells in different treatment conditions were assessed for cell death **(A)**, cell proliferation **(B),** and cell viability **(C)**. Graphs represent 1 of 2 independent experiments, *n*=3, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 based on *t*-tests.](fig-9){#f9}

Discussion {#s026}
==========

We suggest that IFN-λ4 may have at least 3 functions in human hepatic cells---activation of interferon signaling, inhibition of cell proliferation, and induction of cell death. These roles may be overlapping, synergistic, or independent, and some or all of them may be relevant for HCV clearance.

Activation of ISGs by IFN-λ4 was expected based on our previous observations in transiently transfected HepG2 cells (Prokunina-Olsson and others [@B31]). Early activation of a panel of ISGs has also been reported in both *in vitro* HCV-infected and adjacent uninfected PHHs (Sheahan and others [@B33]). However, we now determined the following about IFN-λ4-induced ISG activation: it is specifically caused by the IFN-λ4 secreted from cells at low but detectable amounts; it has an effect on both primary hepatocytes and hepatoma cells; it similarly affects the expressing and nonexpressing bystander cells; and it can be specifically blocked by the α-IFN-λ4 antibody.

Anti-proliferative and cell-death-inducing anti-tumor effects are, in general, characteristic of interferons (Wang and others [@B42]), including in hepatoma cell lines (Murata and others [@B28]). However, we now present the first evidence of these effects caused by IFN-λ4, the newest addition to the interferon family. While activation of ISGs was observed in both the IFN-λ4-expressing and nonexpressing bystander cells, the decrease of proliferation and induction of cell death were detectable only in the expressing cells. This could mean that these effects require different concentration thresholds.

The dose-dependent anti-proliferative effect in hepatic cells has already been shown for IFN-α (Lim and others [@B20]), and the same might be true for IFN-λ4. Anti-proliferative activity of IFN-λ4 is ISG dependent as it was blocked by the same α-IFN-λ4 antibody that blocks IFN-λ4-induced activation of ISGs. Some of the ISGs induced by IFN-λ4, including 2′5′OAS and IP-10, are known for their contribution to the anti-proliferative and pro-apoptotic effects of interferons (Rysiecki and others [@B32]; Hassel and others [@B14]; Aksoy and others [@B2]; Liu and others [@B22]). At this point, we are unable to determine the mechanism of IFN-λ4-induced cell death. Although we did not detect activation of caspase-3 by IFN-λ4, therapeutic anti-tumor mechanisms of interferons have been related to cell growth arrest and induction of caspase-3-independent apoptosis via the p53 pathway (Vogelstein and others [@B41]; Takaoka and others [@B35]; Takaoka and Taniguchi [@B36]), and this pathway should be tested for IFN-λ4 as well. The effect of IFN-λ4 on activation of interferon signaling and cell death might be complex and intertwined, and further studies are warranted.

The genetic association between the ability to generate IFN-λ4 (in carriers of the rs368234815-ΔG and rs12979860-T alleles) and impaired spontaneous and treatment-induced clearance of HCV is well established, but the molecular understanding of this association is still limited. Recently, it has also been reported that the same individuals who are more likely to clear the HCV infection, in fact, are significantly more likely to develop liver fibro-proliferative disease (fibrosis), which is associated with increased mortality (Eslam and others [@B6]). Our new findings regarding IFN-λ4 function may help reconcile these counterintuitive connections.

We suggest that the induction of interferon signaling by IFN-λ4 may have both positive and negative implications. The IFN-λ4-induced ISGs might provide some antiviral protection, explaining the lower pretreatment HCV loads in individuals with the rs368234815-ΔG allele, compared with those who do not carry this allele (Uccellini and others [@B39]). On the other hand, the increased pretreatment expression levels of these ISGs have been associated with refractoriness to IFN-α therapy (Dill and others [@B5]), especially in carriers of the IFNL4-rs368234815-ΔG or rs12979860-T alleles (Urban and others [@B40]; Prokunina-Olsson and others [@B31]). This could be because IFN-α and IFN-λ4 compete for induction of the same set of ISGs, and, once activated by IFN-λ4, these ISGs do not respond to IFN-α. The fact that despite having lower pretreatment HCV levels, individuals with rs368234815-ΔG allele are more likely to develop chronic HCV and fail IFN-α-based treatment, suggests that either negative effects of IFN-λ4 outweigh its positive effect on lowering HCV viral load or antiviral effects induced by IFN-λ4 are insufficient for complete viral clearance.

The IFN-λ4 effect on proliferation and cell death might also be positive and negative. Increased cell death has been correlated with inflammation during HCV infection and was suggested as a factor contributing to liver damage (Bantel and Schulze-Osthoff [@B4]). High rates of cell death in IFN-λ4-expressing cells could amount to substantial cell loss and inflammation, contributing to the development of liver disease. Simultaneously, the anti-proliferative effect of IFN-λ4 might limit the tissue remodeling ability that leads to liver fibro-proliferative disease (fibrosis), as has been reported by the largest study on this subject to date (Eslam and others [@B6]). Individuals who are genetically unable to produce IFN-λ4 or in whom IFN-λ4 is not sufficiently induced by specific stimuli may be more likely to clear the infection, spontaneously or after treatment, especially with IFN-α-based therapies. However, they may not have the benefit of an anti-proliferative effect also contributed by IFN-λ4, and will be more likely to develop fibrosis.

Since in our system the α-IFN-λ4 antibody efficiently blocked activation of ISGs (including IP-10), and IFN-λ4-induced cell death, blocking of IFN-λ4 with therapeutic agents in carriers of the rs368234815-ΔG allele might be a plausible therapeutic option before or in conjunction with other treatments. Blocking of IFN-λ4 might boost mechanisms of endogenous host immunity, which are important for efficient clearance of HCV and prevention of post-treatment relapse (Meissner and others [@B25]), and also decrease liver damage due to inflammation and cell death.

Although the antiviral role of IFN-λ4 has been shown for a number of viruses (Hamming and others [@B12]; Lu and others [@B23]), it remains to be found what other biologically relevant factors can trigger endogenous IFN-λ4 expression. Identification of these triggers in hepatic and other human cell types could help explore the role of IFN-λ4 in other relevant clinical conditions. So far, expression of endogenous *IFNL4* has only been detected in liver biopsies from patients infected with HCV, with significant correlations between HCV titers and expression levels of *IFNL4* and ISGs (Amanzada and others [@B3]; Konishi and others [@B17]; Meissner and others [@B25]; Murakawa and others [@B27]). However, *IFNL4* was undetectable in liver biopsies from patients infected with hepatitis B virus or affected by unrelated liver diseases (Amanzada and others [@B3]). *In vitro*, *IFNL4* expression could be induced in PHHs by HCV infection or treatment with PolyI:C, but PolyI:C treatments failed to induce *IFNL4* expression in HepG2 cells. The *IFNL4* region is absent in the genomes of mouse and rat, precluding the development of relevant rodent models.

We acknowledge the limitations of our experimental system, which is based on expression of IFN-λ4 in human hepatic cells---a hepatoma cell line HepG2 and PHHs. The observed effects might differ from the physiologic conditions in the HCV-infected hepatic cells in the complex whole-organ environment by the magnitude, duration, and efficiency of IFN-λ4 induction. We also did not address the mechanism of intracellular retention and the function of the nonsecreted IFN-λ4. However, we provide a comprehensive functional analysis of IFN-λ4, a novel human interferon, and suggest its role in activation of interferon signaling, inhibition of cell proliferation, and induction of cell death in human hepatic cells.
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